Mycobacterium tuberculosis is the etiological agent of tuberculosis (TB), which kills approximately 2 million people a year despite current treatment options. A greater understanding of the biology of this bacterium is needed to better combat TB disease. The M. tuberculosis genome encodes as many as 15 adenylate cyclases, suggesting that cyclic AMP (cAMP) has an important, yet overlooked, role in mycobacteria. This study examined the effect of exogenous cAMP on protein expression in Mycobacterium bovis BCG grown under hypoxic versus ambient conditions. Both shaking and shallow standing cultures were examined for each atmospheric condition. Different cAMP-dependent changes in protein expression were observed in each condition by two-dimensional gel electrophoresis. Shaking low-oxygen cultures produced the most changes (12), while standing ambient conditions showed the fewest (2). Five upregulated proteins, Rv1265, Rv2971, GroEL2, PE_PGRS6a, and malate dehydrogenase, were identified from BCG by mass spectrometry and were shown to also be regulated by cAMP at the mRNA level in both M. tuberculosis H37Rv and BCG. To our knowledge, these data provide the first direct evidence for cAMP-mediated gene regulation in TB complex mycobacteria.
Tuberculosis (TB) is a leading cause of human death by an infectious agent, killing approximately 2 million people each year. Nearly one-third of the world's population is latently infected with the Mycobacterium tuberculosis bacillus, and 7 to 8 million new TB cases occur annually (49) . A deadly synergy with the human immunodeficiency virus epidemic and an increasing proportion of drug-resistant cases contribute to TB's recent resurgence and complicate its treatment (7, 9) . A better understanding of M. tuberculosis biology is needed to devise more effective treatments against TB. Gene regulation is critical for the interaction of the tubercle bacilli with their environment, and deciphering these key regulatory pathways remains a major challenge in the field. Sequencing of the M. tuberculosis genome extended TB research onto a global scale, allowing researchers to take advantage of techniques in the realm of functional genomics, primarily those involving proteomics and transcriptomics.
Global gene regulation studies in M. tuberculosis to date have focused almost exclusively on the regulatory roles of twocomponent systems and sigma factors (10, 23, 31, 33, 34, 44, 51, 59) . Two-component systems, consisting of a membrane-bound sensor protein and a cytoplasmic effector protein, represent a conserved mechanism among bacteria for regulating gene responses to external stimuli (3) . The mycobacterial genome encodes 11 complete two-component systems, four isolated regulators, and three isolated sensors, some of which are necessary for virulence and for early phases of intracellular growth (8, 23, 31, 44, 51) . The M. tuberculosis genome also encodes 13 alternative sigma factors (8) . Mutations in some of these sigma factors cause increased sensitivity to a variety of environmental conditions and also attenuated virulence (8, 10, 33, 34) .
Cyclic AMP (cAMP) is an important signaling molecule that controls a wide variety of cellular functions in many organisms, including virulence factors from a diverse range of pathogens (4, 12, 18, 46, 55, 58) . cAMP is produced in the cell by adenylate cyclases (ACs) (45) . A recent study used Bayesian computational methods to identify 15 putative cyclases in the M. tuberculosis genome (35) . All candidate open reading frames contained a cyclase homology domain associated with one of a variety of cytoplasmic, receptor-type, and integral membrane structural motifs (35) . Two of these genes (Rv1625c and Rv2435c) belong to the mammalian type adenylyl cyclase grouping, and both enzymes are active (19, 28, 35, 50, 54) . Functionality has also been shown for the mycobacterial cyclases Rv1264, Rv1318c, Rv1319c, Rv1320c, and Rv3645 (6, 27) .
Little is known about the role of cAMP in mycobacteria, although it is found in both fast-and slow-growing, as well as pathogenic and nonpathogenic, species (42, 43) . A correlation between intracellular cAMP levels and phospholipid synthesis in Mycobacterium smegmatis has been reported (22) . Elevated cAMP levels cause significant increases in cardiolipin and phosphatidylinositol mannosides (22) . Additionally, it has been reported that cAMP levels in macrophages increase upon uptake of live Mycobacterium microti and Mycobacterium bovis BCG. This increase in cAMP correlated with a decrease in phagosome lysosome fusion (30) . cAMP-mediated gene expression in mycobacteria has not been examined. The present study explores the possible role of cAMP signaling as a third global regulatory system in TB complex mycobacteria.
We have examined the proteome of M. bovis BCG, with and without exposure to exogenous cAMP, to identify cAMP-regulated proteins. We report here that cAMP causes increased expression of at least 15 proteins, including Rv1265, Rv2971, GroEL2, PE_PGRS6a, and malate dehydrogenase (MDH). This regulation occurs more often under low-oxygen, CO 2 -enriched growth conditions than in ambient air, indicating a possible physiological niche for cAMP regulation during host infection.
MATERIALS AND METHODS
Bacterial cultures. M. bovis BCG (Pasteur strain; Trudeau Institute) and M. tuberculosis H37Rv (ATCC 25618) were grown in 7H9 liquid medium (Difco) supplemented with 0.5% glycerol, 10% oleic acid-dextrose-albumin-catalase, and 0.05% Tween 80. Cultures were grown in a controlled atmospheric incubator (series II; Forma Scientific, Inc.) as described elsewhere (14) at a maximum depth of 2 mm under conditions of ambient air (20% O 2 , 0% CO 2 ), low oxygen (1.3% O 2 , 5% CO 2 ), or ambient oxygen plus CO 2 (20% O 2 , 5% CO 2 ) in 25-cm 2 tissue culture flasks, either left standing undisturbed or shaking with constant agitation (15, 47) . Where appropriate, 10 mM dibutyryl cAMP (dbcAMP; Sigma) or 5 to 20 mM butyrate (Sigma) was added on day 3 of culture during early log-phase growth.
Sample preparation and one-dimensional (1-D) SDS-PAGE. Whole-protein extracts were obtained from 7-day late log-phase cultures. Cells were harvested and washed with Dulbecco's phosphate-buffered saline plus 1% (vol/vol) Tween 80. Cells were lysed in 0.3% sodium dodecyl sulfate (SDS), 200 mM dithiothreitol (DTT), and 30 mM Tris-HCl (pH 8.0) plus 1% protease inhibitor (Sigma) by heating at 80°C for 20 min. Cellular debris was pelleted, and protein was quantitated with the NanoOrange protein quantitation kit (Molecular Probes) following the manufacturer specifications. Fifty micrograms of protein was loaded onto SDS-12% polyacrylamide gel electrophoresis (PAGE) gels and electrophoresed at 50 mA for 2 h and then at 75 mA for 2.5 h. Gels were silver stained (38) , and the banding patterns were compared visually.
Sample preparation and 2-D gel electrophoresis of M. bovis BCG proteins. Bacteria were harvested by centrifugation and washed three times with Dulbecco's phosphate-buffered saline plus 0.2% (wt/vol) EDTA and 1% (vol/vol) protease inhibitor cocktail (Sigma). Cells were resuspended in Tris-SDS buffer (0.3% [wt/vol] SDS, 50 mM Tris-HCl [pH 8.0]) and lysed as described previously (14) . Cellular debris was pelleted at 50,000 ϫ g, and protein samples were precipitated with 10% trichloroacetic acid.
Protein samples were separated by 2-D SDS-PAGE as described previously (15) . Briefly, Ϸ200 g of protein was separated by isoelectric focusing in polyacrylamide tube gels of 1.5 mm (inner diameter [i.d.]), 15 cm (length). Focusing was performed using a constant voltage of 667 V over 18 h. The second dimension was run on SDS-12% PAGE gels 16 by 20 cm and 1.5 mm thick. Gels were stained either by standard silver staining methods or SYPRO Ruby fluorescent dye (Molecular Probes), and spot patterns were compared visually.
For mass spectrometry (MS) samples, preparative 2-D gels were run with 500 g of protein focused on isoelectric focusing tubes 3 mm thick, 13 cm long at 667 V over 18 h and separated in the second dimension on 3-mm-thick 16-by 20-cm 12% polyacrylamide gels. Gels were stained with Coomassie brilliant blue stain (Bio-Rad) or SYPRO Ruby (Molecular Probes). Protein spot quantitation. Protein spots of interest were quantitated from SYPRO Ruby stained 2-D gels run as described above. Only spots that differed reproducibly in three biologically independent repeats were analyzed. Gels were visualized using a FluorImager 595 (Molecular Dynamics) at 488 nm with excitation filter 610RG and analyzed with the ImageQuant software package (Molecular Dynamics). Gels were normalized on the basis of total fluorescence to correct for differences in staining intensity and/or protein loading between gels.
MS analysis. Protein spots of interest were cut from 2-D PAGE gels and prepared as described previously (15) for analysis by ion trap nano-liquid chromatography (LC)-nanoelectrospray MS. Peptides obtained from trypsin digestion were loaded onto a Finnigan LCQ Deca MS machine fitted with a Dionex microautosampler coupled to a 75-m (i.d.) reverse-phase chromatography system (PicoFrit). Tandem MS (MS/MS) spectrum data obtained from automatically selected ions were used to search the NCBI nonredundant database using the SEQUEST database search program with a species-limited search filter for Mycobacterium species.
Alternatively, protein spots were prepared for analysis by tandem quadrupole time-of-flight MS by dehydrating with 50% CH 3 CN-200 mM NH 4 HCO 3 followed by in-gel reduction and alkylation by incubation with 10 mM DTT-100 mM NH 4 HCO 3 at 56°C for 30 min and then 55 mM iodoacetamide-100 mM NH 4 HCO 3 for 20 min. Gel pieces were rehydrated and digested overnight in 50 mM NH 4 HCO 3 and either 12.5 ng of trypsin or chymotrypsin (Boehringer Mannheim sequence grade)/l. Peptides were extracted with one wash of 20 mM NH 4 HCO 3 , followed by three washes of 5% formic acid-50% acetonitrile.
These peptides were analyzed on a nanoelectrospray LC quadrupole time-of flight 2 tandem MS machine equipped with a desalting column packed with R2 stationary phase (Applied Biosystems), in series with a nanoscale C 18 column (75 m [i.d.] by 110 mm) packed with Beta basic C 18 resin (TermoHypersil Keystone). MS/MS data were obtained from automatically selected ions and used to search the NCBI nonredundant database using the Mascot search program (Matrix Science).
RNA extraction. M. bovis BCG or M. tuberculosis H37Rv cultures were pelleted, washed with 0.5% Tween 80, and resuspended in RNase-free water. RNA was extracted as described previously (32) . Briefly, cells were disrupted mechanically using a bead beater (BioSpec Products) with two rounds of beating on high for 100 s in a mixture of 0.1-mm zirconia-silica beads (BioSpec Products), 45% Divolab no. 1 (Diversey), 45% acid phenol, and 10% chloroform-isoamyl alcohol (24:1). RNA was reextracted with an equal volume of chloroform-isoamyl alcohol and precipitated with isopropanol and 3 M sodium acetate (pH 5.2). RNA was resuspended in RNase-free water, and DNA contamination was removed using the RNeasy Mini kit following manufacturer specifications (QIAGEN).
RT-PCR. cDNA was prepared for use in reverse transcriptase PCRs (RTPCRs). A 0.5-g aliquot of RNA was incubated with 0.125 g of random primers RPA00, RPT00, RPC00, and RPG00 (Table 1) at 100°C for 1 min, followed by 65°C for 5 min. A mixture of 10 mM dNTP, 0.1 M DTT, RNase Out (Invitrogen), 5ϫ first-strand buffer (Invitrogen), and RT Superscript III (Invitrogen) was added to the RNA-random primer mixture and incubated at 25°C for 10 min, 42°C for 1 h, and 70°C for 15 min. RNA levels for genes of interest were examined through a series of cDNA dilutions (0 to 1:1,000) run in PCRs for 10, 20, and 30 cycles at 94°C for 1 min, 57°C for 1 min, and 72°C for 1 min. This ensured that the conditions chosen for quantitation were in the linear range of the PCR. Five microliters of a 1:100 dilution for BCG, 1:30 dilution for H37Rv, was used for semiquantitative PCRs run for 30 cycles each. Control reactions were performed against 16S RNA using cDNA diluted 10 Ϫ5 or 10 Ϫ6 . The 16S RNA PCR products from all growth conditions were normalized to one another before quantitation of individual genes, to ensure equal levels of starting RNA in , were used at a 1:2,500 dilution followed by horseradish peroxidase-conjugated goat anti-mouse secondary antibody at 1:5,000 in TTBS. The ECL detection kit (Amersham) was used to detect antibody bound to the membrane, and blots were exposed to Kodak BioMax MS-1 film (Sigma).
RESULTS
BCG culture conditions affect cAMP-mediated changes in protein expression. We hypothesized that the presence of up to 15 ACs indicates an important role for cAMP in M. tuberculosis. An excess-cAMP model was established to explore this possibility, using methods adapted from a system developed to study cAMP virulence genes in fungal pathogens (1, 2) . BCG was grown shaking under ambient conditions either in the presence or absence of exogenous cAMP for various lengths of time to optimize the system. 1-D SDS-PAGE was used to analyze total protein lysates from these bacteria. These optimization studies evaluated cAMP type (cAMP or dbcAMP), concentration (100 m to 10 mM), and exposure times (1 h to 4 days). Conditions of 10 mM dbcAMP over 4 days were chosen as a result of these studies (data not shown). This 10 mM concentration is similar to exogenous cAMP concentrations reported in other models (1, 2, 11, 29) .
We previously reported differences in M. tuberculosis and BCG gene expression between cultures grown under shallow standing versus shaking conditions (14, 15, 47) . We reasoned that cAMP could have differing effects depending on the particular environmental conditions faced by the bacilli. Changes in protein expression caused by exogenous dbcAMP were examined when BCG was grown under a variety of culture conditions including standing in either ambient oxygen (20% O 2 , 0% CO 2 ) or low oxygen (1.3% O 2 , 5% CO 2 ) or shaking under either oxygen condition.
SDS-PAGE gels were used to identify banding pattern changes between extracts obtained from BCG grown either in the presence or absence of 10 mM dbcAMP under each condition. The number of banding pattern differences varied depending on culture conditions. At least nine differences were identified upon addition of dbcAMP to cultures grown shaking in low oxygen (Fig. 1) . In contrast, cells grown standing in ambient oxygen had very few pattern changes in response to exogenous cAMP. One cAMP-dependent difference was observed in standing ambient cultures, five under shaking ambient air, and seven under standing low oxygen (Fig. 1) . These results indicate that cAMP regulates gene expression in mycobacteria and that environmental factors such as hypoxia and/or CO 2 can play a role.
Identification of differentially expressed cAMP-dependent proteins in BCG. 2-D GE was performed to further characterize the differentially expressed proteins observed by 1-D SDS-PAGE analysis. Visual comparison of silver-stained 2-D gels was consistent with the 1-D SDS-PAGE results (Fig. 1) , in that more proteins were regulated by dbcAMP in shaking low oxygen than under any other condition ( Table 2) . Expression of at least 12 proteins was upregulated by cAMP in shaking low oxygen, six under shaking ambient air, five under standing low oxygen, and two under standing ambient air. No proteins were detected at reduced levels in the presence of exogenous dbcAMP. Only protein spots that were observed on three biologically independent 2-D gel profiles were counted.
Shaking low-oxygen conditions were chosen for further studies on the identification and quantitation of cAMP-responsive, differentially expressed proteins (Fig. 2) . Seven spots representing cAMP-regulated proteins were excised from Coomassie brilliant blue-or SYPRO Ruby-stained gels for identification by MS using either an ion trap nanoelectrospray mass spectrometer or an LC-quadrupole time-of-flight apparatus (Tables 3 and 4) . Putative identities were successfully assigned to five of these protein spots ( sixth protein, FixB, was also identified from constitutive spot 6b. Semiquantitative RT-PCR was performed to determine the extent of transcriptional regulation for the gene corresponding to each cAMP-induced protein. All five genes whose expression was regulated at the protein level were also upregulated at the mRNA level, while fixB expression remained constitutive (Table 5 ; Fig. 3) . Transcription of these genes was also examined when cultures were grown shaking in 20% O 2 , 5% CO 2 to determine whether CO 2 supplementation, rather than hypoxia, was causing the cAMP regulation that we observed. No cAMPinduced transcription was observed for these genes under high-O 2 conditions, indicating that hypoxia is the important environmental condition in these studies (Fig. 3) .
The results were as follows.
(i) Rv1265. Protein spot 11 ( Fig. 2 ) was identified as containing Rv1265, a putative open reading frame with unknown function (NCBI gi 7476706 ). Two peptide sequences from the trypsin-digested spot matched the Rv1265 sequence, providing approximately 12% coverage of the protein (Table 4 ). The predicted mass of this protein is 25.2 kDa and the pI is 7.11, which correspond to the migration of spot 11 on the 2-D gel (Fig. 2) . A BLASTP search of the NCBI database found only two proteins with significant homology, and both were hypotheticals. Streptomyces avermitilins MA-4680 (gi 29834027 ) had 57% identity (81 of 142) and 68% positives (99 of 142), 
a Numbers correspond to protein spots from shaking low-oxygen 2-D gel profiles (Fig 2) .
b ϩ, 10 mM exogenous cAMP added to cultures; Ϫ, no exogenous cAMP added.
c ϩ, presence of protein spot under given condition; Ϫ, absence; ?, could not be determined. while Chloroflexus aurantiacus (gi 229729281 ) had 41% identity (42 of 101) and 61% positives (62 of 101). Neither match is informative with regards to the possible function of Rv1265.
RT-PCR data showed an 8.3-fold cAMP-dependent induction in the Rv1265 mRNA transcripts when cells were cultured shaking in low oxygen, but not under shaking 20% O 2 , 5% CO 2 conditions (Fig. 3) . mRNA levels correlated well with the observed protein change ( Table 5 ) and indicated that cAMP regulation of Rv1265 expression is at the transcriptional level.
(ii) Rv2971. Spot number 6 ( Fig. 2) was identified as containing Rv2971, a putative oxidoreductase of the aldo/keto reductase family (NCBI gi 13882834 ). Eight trypsin-digested peptides matched the Rv2971 sequence, giving 23.8% protein coverage (Table 3) . Rv2971 is a 282-amino-acid protein with a predicted mass of 30.3 kDa and pI of 4.7, both of which correspond to the location of spot 6 on the 2-D gel (Fig. 2) . A search of the NCBI nonredundant database found significant homology to 2,5 diketo-D-gluconic acid reductase, which catalyzes the reduction of 2,5-diketo-D-gluconic acid to 2-keto-Lgulonic acid from a variety of bacteria (39) . Rv2971 is an essential gene for M. tuberculosis laboratory growth, although its physiological role is unknown (53) .
The close proximity of spot 6 to 6b, which was constitutively present, made it difficult to determine whether spot 6 contained a distinct cAMP-induced protein or a modified version of the protein in spot 6b. Protein spot 6b was identified as FixB (NCBI gi 31619801 ), a probable electron transfer flavoprotein 
a Numbers correspond to protein spots from shaking low-oxygen 2-D gel profiles (Fig 2) . b Ion scores of Ն10 6 are considered significant. Table 3 ). The size, 32 kDa, and pI, 4.5, of FixB were consistent with its location on the 2-D gel profile. The RT-PCR data also supported separate gene identifications for the proteins in each of these spots. Rv2971 was induced 4.4-fold after cAMP addition to shaking low-oxygen cultures (Fig. 3) , while there was no change in the level of fixB (Fig. 3) .
(iii) GroEL2. Spot number 5 ( Fig. 2 ) was identified as containing the 60-kDa chaperonin GroEL2 (NCBI gi 31617204 ). The predicted mass for GroEL2 is 56.7 kDa, with a pI of 4.85. Protein spot 5 on the 2-D gel migrated at the expected pI, but its apparent molecular weight (MW) of 35,000 is lower than that predicted for GroEL2. The identification of the protein in this spot was independently confirmed by a second MS laboratory because of this MW anomaly. In one case, three peptides were identified that matched the GroEL2 sequence with a protein coverage of 7.8% (Table 3) . A second laboratory identified the same protein with four peptides matching the sequence and covering 16% of the sequence (Table 4) . RT-PCR data on groEL2 expression further supported the MS identification, as groEL2 mRNA levels increased 2.3-fold in response to cAMP under shaking low-oxygen conditions (Fig.  3) .
All of the trypsin-cleaved peptides that matched GroEL2 in the MS analyses were clustered toward the carboxy terminus of the protein, and the first matched peptide began at amino acid 229 (data not shown). Removal of the first 230 amino acids would result in a protein of 32.2 kDa with a pI of 4.94, as predicted from the ExPASY protein analysis website (http: //www.expasy.org). A protein of this size correlates with the migration of protein spot 5. We reasoned that protein spot 5 could contain a cleavage product of the GroEL2 protein or a product from a smaller mRNA made from an alternative start site.
RT-PCR was used to compare groEL2 mRNA levels using primers targeted to either the 5Ј or 3Ј ends of the transcript ( Fig. 4A; Table 1 ). More transcription from the 3Ј end would suggest an alternate start site, leading to higher levels of RNA at the 3Ј end. However, results were similar with both sets of primers, ruling out the alternate start site possibility (Fig. 4B) .
The cleavage product hypothesis was further explored by Western analysis. Western blot assays were performed using monoclonal antibodies that recognize the amino (MC 5205) or carboxy (MC 4220) terminus of GroEL. The amino acid sequences recognized by each antibody are also present in the GroEL2 protein sequence. Therefore, the antibodies recognize both GroEL and GroEL2 (Fig. 4C) . MC 4220 detected protein spot 5 under conditions of exogenous cAMP, but MC5205 did not. Full-length GroEL2 was detected by both antibodies. The failure of MC5205 to detect protein spot 5 indicates that this spot contains a cleavage product of GroEL2 from which the amino terminal has been lost. As expected, neither antibody detected protein in spot 5 under conditions without exogenous cAMP (Fig. 4D) . Both antibodies also recognized additional spots, consistent with the identification of GroEL and GroEL2 from a number of protein spots observed on various 2-D gel profiles (40, 52) . In particular, a specific 48-kDa GroEL2 cleavage product has been reported under hypoxic conditions; however, this differs from the fragment we observed in the presence of cAMP (56) .
(iv) PE_PGRS6a. Protein spot 7 ( Fig. 2) was identified as containing PE_PGRS6a (NCBI gi 31791714 ), a member of the PE multigene family, which includes nearly 100 genes with significant homology to one another (5) . In approximately 65 of these genes the PE domain is linked to a polymorphic GC-rich repetitive sequence (PGRS) which is rich in glycine (40%) and alanine (25%) residues (5). Protein spot 7 did not digest well with trypsin, so chymotrypsin was used for MS analysis. Thirteen peptides matched the PE_PGRS6a sequence, with a coverage of 7% by amino acid count ( Table 4) . The location of spot 7 on the gel corresponded to a predicted mass of 40 kDa and a pI of 4.2, which are close to the 48 kDa, pI 4.0 of PE_PGRS6a.
PE_PGRS3, Rv3345, and PE_PGRS43 were also identified with significant scores, but none of these proteins' predicted MW or pI matched the location of protein spot 7 on the 2-D gel. RT-PCR data showed cAMP-responsive regulation only for PE_PGRS6a and not for any of the other three genes, confirming the PE_PGRS6a identification (data not shown). PE_PGRS6a mRNA levels were induced threefold by exogenous cAMP under shaking low-oxygen conditions (Fig. 3) . This mRNA induction is approximately ninefold lower than the protein induction ( Table 5 ), suggesting that additional posttranscriptional levels of regulation mediate expression of this protein.
(v) MDH. Protein spot 8 ( Fig. 2) was identified as containing MDH (NCBI gi 15608380 ), an enzyme of the tricarboxylic acid and glyoxylate shunt pathways (13) . One trypsin-digested peptide matched the MDH protein sequence, giving 5% protein coverage with a highly significant ion score (Table 4) . MDH is a 329-amino-acid protein with a predicted mass of 34.4 kDa and pI of 4.7, both of which correspond to the location of spot 8 on the 2-D gel (Fig. 2) . The MDH identification was also supported by RT-PCR data showing a 5.7-fold increase in mdh mRNA levels under shaking hypoxic conditions (Fig. 3) .
Regulatory effects are a result of cAMP, not butyrate. dbcAMP was used throughout this study because its increased hydrophobicity over cAMP allows it to more efficiently cross through the lipid cell wall. Butyrate is released from the dbcAMP molecule after it enters the cell, and free butyrate has been associated with gene regulatory effects (16, 41, 57) . 2-D gel profiles of BCG grown shaking under low-oxygen conditions were examined after addition of 5 mM butyrate in place of dbcAMP to determine whether any of the protein changes we had observed were due to butyrate rather than cAMP. Expression of two proteins, numbers 8 (MDH) and 9, were partially upregulated by the addition of butyrate, showing approximately one-third of the cAMP-induced expression (Fig.  5) . RT-PCR was also performed for all identified dbcAMP- regulated genes after the addition of 20 mM butyrate, in place of dbcAMP, to the BCG cultures. Butyrate at 20 mM did not affect the mRNA level of any genes tested, including mdh (data not shown). These data support the conclusion that the majority of observed regulatory effects are a result of the exogenous cAMP, and not of butyrate.
cAMP-regulated transcription in virulent M. tuberculosis H37Rv. We were interested to determine whether the genes regulated by cAMP in BCG behaved similarly in the virulent M. tuberculosis strain H37Rv. RT-PCR was performed using mRNA obtained from cultures of H37Rv grown either shaking in low oxygen or standing in ambient air, with or without exogenous cAMP, as was done for BCG. All five cAMP-responsive genes identified from BCG also showed similar transcriptional regulation in H37Rv. Four genes, groEL2, mdh, Rv2971, and PE_PGRS6, showed very similar levels of induction for BCG and H37Rv. Rv1265 showed an induction level that was approximately one-half as strong in H37Rv as it was in BCG (Table 5) . fixB expression was constitutive in M. tuberculosis, as it was in BCG.
DISCUSSION

Overview of the cAMP-regulated network of genes in BCG.
The goal of this study was to determine whether cAMP regulates gene expression in TB complex mycobacteria. While the physiological role of cAMP in mycobacteria is still unclear, this study provides the first evidence that cAMP regulates gene expression in mycobacteria and that this regulation is affected by bacterial growth conditions. On both 1-D and 2-D gels, protein patterns changed most noticeably under shaking lowoxygen conditions. Bacteria in these cultures were growing logarithmically under all conditions except standing low oxygen (15) , so the observed gene expression changes were likely to be associated with specific adaptations to a CO 2 -rich, hypoxic environment rather than a growth arrest or generalized stress response. Based on RT-PCR data from 20% O 2 , 5% CO 2 conditions, it is most likely the hypoxic component of this environment which is important for cAMP regulation. This suggests that cAMP may be used by the bacterium as a signaling molecule in response to the low-oxygen environments that the TB bacterium will face during its infection of a mammalian host.
The differences in cAMP regulation observed between ambient standing and low-oxygen shaking cultures were notable and were surprising to us. Previously we showed that genes of the ACG family regulate similarly in cultures grown shaking under hypoxic conditions or standing in ambient air (14, 15, 47) . Standing cultures are only 2 to 3 mm deep, and we have suggested that a hypoxic microenvironment forms as the cells use up available oxygen faster than it is replenished by diffusion (14, 15, 47) . Although it is likely that standing cultures contain other environmental components, these have been difficult to identify, as all genes studied to date are regulated similarly under hypoxic and standing conditions (14, 15) . The difference between cAMP-dependent gene regulation in shaking lowoxygen and standing ambient cultures is the first evidence that shallow standing conditions are distinct from shaking hypoxic cultures and that factors besides hypoxia affect gene expression in the standing microenvironment. This cAMP regulation model will allow us to identify additional environmental factors that affect mycobacterial gene regulation in standing cultures that may be relevant to infection.
It is likely that the 15 proteins that were consistently upregulated in this study represent only a small subset of cAMPregulated genes, because bacteria grown without exogenous cAMP still contained normal levels of endogenous cAMP. This native cAMP could render many genes insensitive to the effects of the added exogenous cAMP. This limitation might be overcome in future studies involving the manipulation of M. tuberculosis phosphodiesterase expression to modulate cAMP levels within the bacterium. An additional possibility is that the cAMP response occurs during a short-lived window and that the peak response was missed at the 4-day time point. This would also result in underestimation of the total number of cAMP-regulated genes. Lastly, the relative insensitivity of analyzing total proteins, rather than de novo-synthesized proteins, would reduce the number of proteins identified and could explain the absence of downregulated proteins in this study. Downregulated proteins would not be identified until existing protein was sufficiently degraded. It is also possible that genes downregulated by cAMP may already be shut off by native cAMP. cAMP regulation in macrophages. Two out of the five genes identified in this study have previously been reported to be upregulated during intracellular growth in macrophages. Hobson et al. observed an 8-fold transcriptional upregulation for Rv1265, while Li et al. showed a 3.9-fold increase in groEL2 transcription after 24-h macrophage infection (21, 24) . In both cases, these macrophage induction levels are similar to the levels of cAMP-induced transcription that we observed in this study (8.3-and 2.3-fold, respectively). Additionally, two homologous members of the PE_PGRS superfamily have been identified as necessary for Mycobacterium marinum strains to replicate in macrophages (48) . PE_PGRS6a, also a member of the PE_PGRS superfamily, was identified in this study as being upregulated by cAMP, although its function is unknown. Together, these data suggest a correlation between cAMP regulation and intracellular growth, which will be explored in future studies.
In other infectious organisms this correlation has already been established. Mutants of the airborne fungal pathogen Aspergillus fumigatus deficient in AC or G-protein subunits show decreased survival after ingestion by human monocytederived macrophages (26) . These mutants also show reduced expression of a virulence factor, pksP, known to decrease phagolysosome fusion and protect against reactive oxygen species (26) . This is consistent with a previous report that elevated cAMP levels correlated with reduced phagolysosome fusion during mycobacterial infection of macrophages (30) .
M. tuberculosis bacteria are expected to face low-oxygen, high-CO 2 conditions similar to those used in this study after ingestion by macrophages, as the intracellular environment of the macrophage is approximately 2.6% O 2 , 6.6% CO 2 (20) . These conditions may provide a regulatory signal for the bacterium, which is relayed by cAMP as a second messenger, to effect regulation of genes that are needed to survive during intracellular growth or later in infection.
cAMP and persistence. A second low-oxygen environment the bacteria encounter during infection is in a granuloma during latency. The conditions within the granuloma are not well characterized, but it is thought to provide a low-oxygen, lownutrient environment where the bacteria exist in an undefined persistent state (25, 37) . M. tuberculosis's ability to establish a chronic, persistent infection involves a metabolic shift to C 2 substrates, which are obtained readily from the host by ␤-oxidation of fatty acids (55) . This metabolic shift occurs by bypassing steps of the tricarboxylic acid cycle via the glyoxylate shunt.
Isocitrate lyase, the key enzyme in the glyoxylate shunt, is upregulated during macrophage infections, and disruption of the icl gene in M. tuberculosis attenuated bacterial persistence in immune-competent mice (17, 36) . No change in growth during acute infection was observed (36) . Isocitrate lyase produces glyoxylate from isocitrate, which is then acted on by malate synthase to produce malate (13) . MDH converts malate to oxaloacetate, which is then able to enter gluconeogenesis, allowing the cell to build six-carbon sugars from two-carbon sources (13) . Increased levels of MDH may be necessary to maintain a stoichiometry of reactants to products to keep the glyoxylate shunt enzyme reactions going forward. We found that mdh expression levels were increased by cAMP in shaking low-oxygen cultures. This cAMP link with mdh regulation indicates a possible role for cAMP in persistence of M. tuberculosis infection by regulation of the glyoxylate shunt metabolism and is consistent with the increased effects of cAMP under hypoxic conditions.
Conclusions and future directions. To our knowledge, this report presents the first evidence that cAMP has a gene regulatory role in TB complex mycobacteria. This regulation occurs at both the transcriptional and posttranscriptional levels in virulent M. tuberculosis and BCG. cAMP-regulated genes include several associated with biologically relevant conditions, from growth essentiality (Rv2971) to intramacrophage regulation (Rv1265, groEL2) and stress response (groEL2). This study also raises many questions regarding the potentially complex nature of cAMP-mediated signal transduction in M. tuberculosis. Additional work is needed to determine the full extent of cAMP signaling in M. tuberculosis, as it is likely that the genes identified in this study represent just a small portion of M. tuberculosis's cAMP-regulated network (M. A. Gazdik and K. A. McDonough, unpublished data).
Both the number and diversity of functional ACs in M. tuberculosis are extraordinary compared with other microorganisms (27, 35) , and we think it likely that each cyclase is associated with a distinct signaling pathway. An exciting future challenge will be to determine how M. tuberculosis maintains discrete regulatory circuits using a single signal molecule and such a large number of ACs. This might be achieved by a combination of both temporal and spatial regulation of AC activity. For example, we expect that specific cyclases are activated to produce cAMP in response to different physiological conditions, such as hypoxia and/or the intramacrophage environment, as suggested by this study. Selective availability of cAMP-binding effector molecules under each condition would allow for different outcomes depending on the environmental condition. M. tuberculosis encodes 10 putative cNMP-binding proteins with diverse functions that could fill this role (35) . Preliminary studies indicate that one of these proteins is a CRP-like DNA-binding protein that is likely to play an important role in cAMP-mediated gene regulation in M. tuberculosis cAMP signaling may represent a third global regulatory system that should be considered in conjunction with sigma factors and two-component systems in M. tuberculosis. As the regulatory methods used by mycobacteria in response to environmental stimuli are determined, we will be better able to decipher the biology of this deadly organism and its response to the host environment during infection.
